Objectives: Extremely multiresistant strains of Enterobacteriaceae, such as those of Escherichia coli and Klebsiella pneumoniae, are emerging and spreading at a worrisome speed. Polymyxins (polymyxin B, colistin) are used as last-line therapy against such strains, in spite of their notable nephrotoxicity that may even require discontinuation of the therapy. We have previously developed polymyxin derivatives NAB739 and NAB815 that are better tolerated in cynomolgus monkeys than polymyxin B and are, in contrast to polymyxin B, excreted in the cynomolgus urine to a very significant degree. Here we have compared the efficacy of these NAB compounds and polymyxin B in the therapy of murine pyelonephritis caused by E. coli.
Introduction
The crisis due to emerging extremely multiresistant Gramnegative bacteria is worrisome. Escherichia coli and Klebsiella pneumoniae cause almost 40% of all community-acquired bacteraemias and approximately one-third of all healthcare-associated bacteraemias. [1] [2] [3] Polymyxins (polymyxin B, colistin) are strongly cationic cyclic lipodecapeptides. They were largely abandoned as an intravenous therapy in the sixties because of their nephrotoxicity and because more effective antibiotics became available. Now, they have been reinstated as last-line therapy of severe Gram-negative infections.
The nephrotoxicity of polymyxins complicates the therapy and may require its discontinuation. 4, 5 The nephrotoxicity rate of polymyxin B and colistin varies from 20% to 60% 4 and the risk of nephrotoxicity must be weighed against the beneficial effects on patient survival. 5 On the other hand, contemporary data indicate that the current dosage regimens are suboptimal in critically ill patients and lead to too low serum concentrations. 6 Clinicians are advised to use larger doses, but this further increases nephrotoxicity.
The general interest in polymyxins and in the development of their improved derivatives has increased in recent years, as reviewed by Brown and Dawson, 7 Cochrane and Vederas, 8 Pirri et al., 9 Vaara 10 and Velkov et al. 11 Our group has constructed derivatives that carry altogether three positive charges only, instead of five as in polymyxin B and colistin.
10,12-14 NAB739 does not carry any positive charges in the linear part and NAB815 carries only one positive charge in the linear part and only two positive charges in the cyclic part.
14 Both compounds are less cytotoxic to human kidney proximal tubular cell line HK-2 than polymyxin B and colistin. 10, 14 Furthermore, they are better tolerated in cynomolgus monkeys than the comparator, polymyxin B, and have half-lives identical to polymyxin B. The objective of this paper was to evaluate the efficacy of NAB739 and NAB815 against E. coli in a murine urinary tract infection model 15 as compared with that of polymyxin B.
Materials and methods

Compounds
NAB739 sulfate and NAB815 sulfate were custom-made by Bachem AG (Bubendorf, Switzerland). The purity, as estimated by HPLC, was 97.3% for NAB739 and 98.4% for NAB815. Polymyxin B sulfate was from SigmaAldrich (St Louis, MO, USA; product number P0972).
Bacterial challenge organism
The challenge organism was E. coli C175-94 (serotype O8:K48:H4), a clinical isolate elaborating type 1 fimbriae, previously used for developing and validating the urinary tract infection model. 15 The MICs were determined by the agar dilution method according to CLSI protocol M07-A10 by using Mueller-Hinton agar. 16 
Animals
Upon arrival at the Statens Serum Institut animal facility, female OF-1 mice (Charles River Laboratories, France), 27-33 g, were randomized to six mice per cage (type 3 macrolone cages). Bedding was from Tapvei and Enviro-Dri nesting material and cardboard houses (Bio-serv) were offered as enrichment. The temperature was 22+2 C and the humidity was 55+10%. The number of air changes per hour was 8-12 (70-73 per hour inside racks); light/dark periods were 6 am-6 pm/6 pm-6 am. Mice had free access to domestic quality drinking water and food (Teklad Global diet 2916C-Envigo) and peanuts and sunflower seeds (Køge Korn A/S). All animal experiments were approved by the National Committee of Animal Ethics, Denmark, and adhered to the standards of EU Directive 2010/63/EU. Mice were monitored twice daily for clinical symptoms of infection or discomfort and euthanized if reaching humane endpoints specified in the ethical permissions.
Inoculation, treatment and sampling
Overnight E. coli colonies were suspended in saline to 10 9 cfu/mL and mice were inoculated under anaesthesia with Zoletil and Torbugesic via urethral catheterization with 5%10 8 cfu into the bladders as described previously. 15 On day 1 and day 2 post-infection, mice were treated subcutaneously with 0.2 mL of NAB739, NAB815 or polymyxin B formulated in 0.9% NaCl or vehicle (0.9% NaCl) at 9 am and 3 pm. Each experiment consisted of eight treatment groups and all treatment groups consisted of 12 animals. Twelve mice is the lowest number that robustly gives significant reduction of the bacterial loads with this strain. On day 1, day 2 and day 3 post-infection urine was sampled for colony counts. On day 1 (the inoculum control group) and day 3 post-infection mice were sacrificed, after urine sampling, by cervical dislocation and bladder and kidneys were collected and stored at #80 C and later homogenized in saline. All samples were 10-fold diluted in saline and 20 lL spots were applied on agar plates in duplicates. Undiluted samples of urine were spread on a separate agar plate to determine the lowest possible detection level of colony counts. All agar plates were incubated for 18-22 h at 35 C in ambient air.
The half-maximal effective dose (ED 50 ), i.e. the dose of a compound required for a 50% reduction of the infection load, was calculated using GraphPad Prism software (La Jolla, CA, USA). Significance levels (see Table 1 ) were calculated with one-way GraphPad Prism ANOVA, Dunnett's multiple comparison test compared with vehicle treatment.
Results
We employed the well-established and validated E. coli murine urinary tract infection model that uses the uropathogenic strain C175-94. 15 This model is relevant for potential clinical settings, since it causes not only cystitis but also pyelonephritis, provided that the challenge dose is sufficient. The MICs of polymyxin B, NAB739 and NAB815 for this strain, as determined according to CLSI by the agar dilution method, were 0.5, 2 and 2 mg/L, respectively. Accordingly, in vitro, polymyxin B was 4-fold more effective than NAB739 and NAB815.
We first compared the efficacy of NAB739 with that of polymyxin B (Figure 1 ). In kidneys, NAB739 at the dose of 0.25 mg/kg was very effective (reduction in bacterial load from that in the vehicle control group of 1.8 log 10 ) while polymyxin B at 2 mg/kg had a subtle effect and at 4 mg/kg reduced the load by 2 log 10 . Accordingly, the difference in efficacy was more than 8-fold in favour of NAB739. In accordance, the ED 50 , determined using GraphPad Prism software, was 9-fold lower for NAB739 than for polymyxin B (0.24 mg/kg versus 2.1 mg/kg, respectively).
In bladder, treatment with 0.25 mg/kg NAB739 reduced the bacterial load by more than 2 log 10 , whereas a similar reduction by polymyxin B was achieved at the dose of 4 mg/kg. The resulting ED 50 values were 10-fold lower for NAB739 than for polymyxin B. Urine results were in line with the kidney and bladder results.
We then compared NAB739 and NAB815 (Table 1) . In urine, treatment with NAB739 at 0.25, 0.5 and 1 mg/kg lowered the cfu (as compared with vehicle treatment) by more than 3 log 10 (P , 0.001, P , 0.001 and P , 0.0001, respectively). Treatment with 0.25 mg/kg NAB815 lowered the cfu by 2 log 10 (no statistical significance) and that with 0.5 and 1 mg/kg by more than 3 log 10 (P , 0.001 and P , 0.0001, respectively). In kidneys, treatment with NAB739 and NAB815 at 1 mg/kg lowered the cfu by approximately 2 log 10 as compared with vehicle treatment (P , 0.05), Asterisks indicate statistically significant differences from the vehicle treatment control group. ****, *** and * correspond to P , 0.0001, P , 0.001 and P , 0.05, respectively.
New polymyxins effective in murine pyelonephritis JAC whereas at 0.25 and 0.5 mg/kg no statistically significant differences (as compared with vehicle treatment) were reached. Bladder studies gave conclusions that were similar to those of the kidney studies.
Minor clinical signs of discomfort were observed in all treatment groups.
Discussion
NAB739 was found to be remarkably more active than polymyxin B in the treatment of murine urinary tract infection. The difference in the efficacy is approximately 10-fold. NAB815 is equally effective in the kidney and almost as effective in the urine as NAB739. These findings might seem surprising, since the MICs of NAB739 and NAB815 for the E. coli challenge strain were 4-fold higher than that of polymyxin B. However, the NAB compounds are excreted in the urine in cynomolgus monkeys and rats to a very significant degree, whereas polymyxin B and colistin are not. 13, 17 In patients, only less than 1% of a polymyxin B dose is excreted in urine. 18 Accordingly, the plausible explanation for the difference in the efficacy observed in the present study is that in mice, too, the urinary levels of NAB739 and NAB815 are much higher than that of polymyxin B. Preliminary studies on the pharmacokinetics, disposition and excretion of NAB739, NAB815 and polymyxin B in mice, still to be completed, support this explanation.
Our findings are significant because complicated urinary tract infections (cUTIs), as mimicked in our mouse model, are clinically truly common. Approx. 6.3 million patients were treated in 2013 in the hospital wards in Europe, the USA and Japan due to cUTIs caused by E. coli and K. pneumoniae. 3 These two bacteria cause 80% of all cUTIs treated in hospitals. In the future, many of those infections will be caused by XDR strains. 3 Accordingly, compounds such as NAB739 and NAB815 might be very useful in clinical therapy. Further studies on the superiority of the NAB compounds over polymyxins are needed and should include studies where the challenge organism is a polymyxin-resistant strain, such as the K. pneumoniae mgrA strains as well as the enterobacterial mcr-1 through mcr-4 strains. Vaara et al.
